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Abstract 

We explore the consequences of the Higgs fields acting as messengers of super- 
symmetry breaking. The hidden-sector paradigm in the gauge mediation framework 
is relaxed by allowing two types of gauge-invariant, renormalizable operators that 
are typically discarded: direct coupling between the Higgses and supersymmetry 
breaking singlets, and Higgs-messenger mixing terms. The most important phe- 
nomenological consequence is a flavor-dependent shift in sfermion masses. This is 
from a one-loop contribution, which we compute for a general set of weak doublet 
messengers. We also study a couple of explicit models in detail, finding that preci- 
sion electroweak constraints can be satisfied with a spectrum significantly different 
from that of gauge mediation. 



1 Introduction 



The first rule of supersymmetric model building is that the Standard Model may not know 
about supersymmetry (SUSY) breaking at tree-level. This is because tree-level splitting 
of fermions and sfermions tends to give unacceptably light scalars. The second rule is that 
the communication of the breaking should preserve flavor degeneracy. This is to evade 
constraints from flavor changing neutral current data. In this work we will violate both 
of these rules in a natural and viable extension of gauge mediation. 

In gauge mediated supersymmetry breaking (GMSB), the hidden sector condition is 
satisfied by employing a discrete symmetry. Several renormalizable and gauge invariant 
interactions are forbidden by a Z2 symmetry known as messenger parity. The second rule 
is then automatically obeyed because the only communication between the SUSY breaking 
sector and the supersymmetric standard model (SSM) is through gauge interactions, which 
are flavor blind. 

Since this construct is motivated by observational constraints, it is important to un- 
derstand which aspects of it are strictly necessary and which can be relaxed. In this work 
we study the consequences of allowing the Higgses to act as messengers themselves, inter- 
acting directly with the SUSY breaking sector and mixing with other messengers. Some 
discussion of the effects of each operator type can be found in the NMSSM literature, for 
example, and in [1]. The operators have also been studied in the context of the /i/S/i 
problem in General Gauge Mediation [21 [3] . 

What we will show is that it is possible to turn on both types of interaction such 
that a novel spectrum is obtained without contradicting current bounds. Among the 
more universal aspects of Higgs messenger models are the violation of gaugino mass GUT 
relations and a light stop. These follow from the simple facts that the messengers do not 
form complete GUT multiplets at intermediate energies, and mediation is no longer flavor 
blind. 
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2 Simple Higgs Messenger Model 



We begin by discussing a simple model in which there is a clear distinction between the 
Higgs and the other messengers. This model will highlight the key features of the more 
general scenario. Higgs-messenger mixing will be discussed in sections |3] and |4j 

Consider an SU (5) GUT model with the typical 5 and 5 pair of messengers coupled 
to a SUSY breaking spurion, XsS = Ms + 0^Fs, and allow the MSSM Higgses (triplets 
already decoupled) to couple to a second spurion, XtT = Mt + O'^Ft- 

W D XsS^^ + XrTHuHd (2.1) 

Multiple spurious were avoided in [3] because of the difficulty of suppressing CP violation, 
but a simple dynamical mechanism for aligning the phases of multiple singlets was recently 
introduced |5]. In fact, the above effective description was obtained such that the 
problem and the CP problem were absent. Here, however, we will content ourselves with 
spurious with independent, non-zero scalar and F-term vevs. Their function is to split the 
multiplets, giving the messengers scalars and fermions different masses, |mQ — friy^l ~ F 
Because the Higgs bosons directly feel supersymmetry breaking, they act as messengers 
and contribute significantly to the sparticle soft masses. These contributions arise at the 
one-loop level from the ordinary Yukawa interactions. The first and second generation 
Yukawa couplings prove to be negligible in this context, but the contributions for the 
third generation are important. We will discuss the effects of these interactions later. 

2.1 Flavor Universal Mass Contributions 

Consider first the 0{g'^) contribution to the gaugino masses and the 0{g^) contribution 
to the sfermion masses, where g is any gauge coupling constant. These calculations are 
essentially identical to those of minimal gauge mediation H]; we just have to sum the 
contributions from the different messengers. The one-loop gaugino masses are 

where g{t) = t-^{l + t) ln(l + t) + {t^ -t) and r = 1,2,3 runs over the Standard Model 
gauge groups, U{1)y, SU{2)y/, SU{?>)c respectively. The important feature here is the 
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Figure 1: One- loop sfermion soft mass diagrams arising from Yukawa interactions 



absence of a T-sector contribution to the gluino mass, which follows from the decoupling 
of the Higgs triplets. 

The dominant two-loop contribution to the scalar masses has a similar form. 



f, gauge 



Ms 



2 



Mr 



2 



m (2.3) 



where f{t) = t'^l + t){ln(l + t)- 2U2 [t/{l + 1)] + ^Li2[2t/(1 + t)]} + {t^ -t), and Cj is 
the quadratic Casimir for the representation of the / sfermion in the r gauge group. As 
with the gauginos, we find a deviation from the ordinary gauge mediation result for the 
fields charged under SU{2)w and/or f/(l)y. However, this deviation tends to be small 
because Ft/Mt < Fs/Ms as we will discuss below. 

2.2 Mass Contributions from Yukawa Interactions 

The one-loop contribution to the sfermions masses gives the most drastic change to the 
mass spectrum of ordinary gauge mediation. Indeed, this model is not purely gauge 
mediated because there is a direct interaction between messengers (the Higgses) and the 
quark and lepton multiplets. 

The diagrams contributing to the one-loop sfermions masses can be seen in Figure 
[T| As discussed earlier, we need only consider the contribution to the third generation 
sfermions. In fact, unless tan/3 is quite large the only relevant Yukawa coupling i^the 



^Our analysis applies equally well to the large tan/3 region by replacing stop with sbottom. However, 
in that regime the experimental constraints are stronger because of the tight constraints on the B meson 
mass splitting. 
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top Yukawa, Yt. The one-loop contribution to the stop mass is 

^Ivuka^a = \MT\'^[i2 + y)Hl + y) + i2-y)Hl-y)] 



2 

+ 0{M^y^) (2.4) 



967r2 

There are two important things to note about the above expression: 

1. The one- loop sfermion mass contribution is negative semi-definite. 

2. The contribution vanishes at leading order in SUSY breaking {0{F^/M^)). 

The full stop mass squared, m? = mfg^^^^ + Yukawa ^^^^ ^e positive to avoid SU{3)c 
breaking. Naively this would seem difficult to accomplish since the negative contribution 
is 0(Y^ /16tc^) and the positive contribution is C((5'|/167r^)^). However, the one loop 
contribution can easily be suppressed by taking Fs/XsMs > Ft/XtMt- Since the Yukawa 
contribution vanishes to leading order in SUSY breaking, the hierarchy of these mass scales 
does not need to be too drastic as long as y = Ft/\tM^ is not close to one. 

This makes it possible to have the two-loop contribution dominate. In the limit of 
small X = XsFs/Mg and y = XtF^/M^, the condition that must be satisfied is 



Ms 



Since the couplings are order one as is /(x), we will ignore them. We choose to take 
Fx < XtM^ (y < 1)0 so that the Higgs mass squared is small and positive and EWSB 
occurs radiatively. One could consider tree-level breaking, but this is less convenient 
computationally and doesn't change the physics significantly. With this constraint, one 
can see that Fs/Ms must be more than a few times larger than Ft/Mt- The deviation 
from minimal gauge mediation is then (9(10%). 

3 General Higgs Messengers 

Recently, explicit leading-order (in gauge couplings) mass formulas were calculated for a 
very general class of gauge mediated models [7]. The messenger sector is taken to be 

= X,j = M,j+e^Fij, z = l,...,n (3.1) 



^This is contrary to our assumption of small y, but a more careful analysis shows this estimate to be 
adequate. 
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where F is assumed to be Hermitian. Using a superfield rotation, M is chosen to be 
diagonal — its eigenvalues being the messenger fermion masses, Mj. A unitary rotation of 
the messenger scalars of the form (ai + as) ® In then brings their mass matrix to the 
block diagonal form|^ 



2 ^ I M+ 
M- 



M± = M^± F, (3.2) 
and the results are given in terms of the matrices that diagonalize these blocks. 

m| = uIM±U± = diag(m^i, . . . mlJ (3.3) 

In particular, the gaugino masses are given by [7j 

g2 ^ ^ mlAn(mlJMf) ^ , 

= 1^ E ±d.,A^M, \2^'l^2'\ 4 = (3-4) 

where d is the Dynkin index normalized so that a flavor of messengers (□ + □ of S\J (N)) 
gives 1/2. This formula is insensitive to Yukawa interactions, so it applies equally well to 
Higgs Messenger models. 

Of course, the scalar masses are affected. The 0{g'^) contribution to sfermion masses 
is as derived in [7] 



m} = 2 y C} ( Xml, U± In ^ - 2AfXh ( 1 - ^] + -B,,U, (l-—, 
f, gauge / \^167r2y' \ m\J 2 ^ \ m\ 

(3.5) 

where Bij = {Ul.Uzp)ij{U^U±)ji. However, allowing arbitrary Higgs-like couplings to the 
Standard Model of the form Yiab^iQaUb C W, there is a one-loop contribution as we saw 
in the last section. Of course, many models of this form are already experimentally ruled 
out. Here we will just work out the soft masses without considering constraints. In the 
next section, we will look in detail at a particularly interesting and viable model. We will 
consider the mass for the u squark. The other sfermions follow without much effort. The 
relevant interactions are 

- £ D YiabY*.^QaUbQlu*^ + YiabY*a^(j)iUb(j)*ul + {Y*^^Mii(j)iQlul + Yiab'ipi'ipQ,aUb + h.c). (3.6) 



^We are abusing notation in the usual way by not giving new names to transformed objects. 
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This is expressed in the basis where M is diagonal, but no other transformations have 
been made. Summing the contributions from the diagrams in Figure [T| the mass is found 
to be 

E {A5,,Mf In - (f/±),,([/i),,(M,M, + m|,) lnm|,)) 



"u^Yukawa / ^ 327r~ " \ 

(3.7) 

The logs are written with dimensionful arguments to emphasize the fact that the result is 



UV finite. To recover the previous formula (2.4), set Yica = Yt and n = 1, drop all sums 
except on ± and take U± = 1. 

4 Not- So- Simple Higgs Messenger Model 

In this section we will discuss an explicit model where the Higgses and the messengers 
mix. Before we do that, however, we will briefly digress to discuss Higgs physics. 

It was reahzed long ago [8] that adding Higgs bosons to the Standard Model is not 
trivial. Constraints on flavor changing neutral currents prohibit additional Higgs bosons 
from interacting generically with the MSSM matter content. Proton decay imposes further 
severe constraints on GUT models. To address these issues we will impose that 

1. Only one flavor of messengers is permitted to couple to the quarks and leptons. 

2. Only these same fields couple to the GUT-breaking adjoint. 

These constraints are satisfied in the same way that messengers are sequestered in ordi- 
nary gauge mediation — by imposing a discrete symmetry. Instead of messenger parity, 
which forbids any direct interaction between the standard model and the hidden sector, 
the model that we consider has a symmetry. This allows us to be consistent with ex- 
periment while preserving triplet messenger^ We consider the following superpotential. 

W = XsSHuHd + AtT (H.,Ha + H^H^) (4.1) 

V / 51/(2) 

where Hu and Hu are SU (5) fundamentals, and Hd and Hd are anti-fundamentals. The 



SU{2) subscript on the last term in (4.1 ) indicates that only the weak doublet components 



*See [T] for a model in which all messengers are split. 
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of the fields remain because of the decouphng of the Higgs triplets. S and T are singlets 
under the gauge group as before: 

XsS = Ms + FsO"^ XtT = Mt + FtO"^. (4.2) 

Under the Z3, the fields transform as 

(if, H, S, T) {H, ooH, ioS, u^T) , 00 = e^"'/^ (4.3) 

For simplicity we have taken the last two terms to have the same coupling. We will 
also write our formulas without regard for the phases of our parameters. As pointed out 
in [9], for example, one should be concerned about CP violation in models of this sort, 
but our phases will not remain independent in a complete theory, and it has been shown 
that even (super)gravitational interactions can sufficiently suppress CP violation in this 
sort of theor'v'^ 



4.1 A Decoupling Limit 

To get a feel for this model, we first examine the limit Ms ^ Mt- In this limit we can 
integrate out Hu^. The superpotential then becomes 

W = -^HuHd (4.4) 
where 5* and T are superfields. Expanding in powers of 6 we find 



W = - 



■ 0\ 

Ms \MsJ V M: 



HuH,. (4.5) 



From (4.5 ) we see that fi is small by a see-saw-like mechanism. To get a small B^, however, 
we have to tune 2Ft/Mt ~ Fs/Ms- With this tuning, a viable electroweak symmetry 
breaking (EWSB) can be realized. As for the stop mass, with the H integrated out, it 
is easy to see that the one-loop contribution to its mass will follow exactly as in section 
giving a negative contribution. To prevent a tachyonic stop mass in this limit, B^/ ^ 



2.2 



must be smaller than Fs/Ms by more than a factor of a few. As we will see, away from 
this limit the model is richer and more interesting. 



'"'In the model of [5], cubic terms and were important. If included, the fields transform under the 
R-symmetry as (5, T, H,,,Ha, H^,Ha, N, 5, 10) ~> [jS, fT, f^H^, fiJ^, N, ^5, ^10), forbid- 

ding several other terms, including the pure-singlet terms like ST. 
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4.2 Tree-level Masses and EWSB 

As we move away from the decoupling limit to explore the parameter space, we need 
to keep at least one light Higgs boson for acceptable EWSB. A light Higgs can only be 
realized by tuning. This tuning will place us in a region of parameter space where it 
is difficult, but not impossible, to suppress the one-loop contribution to the stop mass. 
Because of the additional degrees of freedom in the one-loop contribution to the stop mass, 
it can actually be made positive for certain regions of parameter space and allows us to 
see some deviation from the scenario presented above. In the limit presented above, /i and 
Bfj^ were weak scale and therefore produced weak scale higgsinos. Away from this limit 
there will be regions of parameter space where the higgsinos are much heavier, effectively 
decoupling from the low-energy theory. 

To determine constraints on the parameter space from EWSB, we examine the Higgs 
bosons masses which are 

ml = M^ + i(M| + C,Fs) - {-ry{Ml + (.FsY + A{MsMr + (4.6) 

where /i = 1, 2, 3, 4 and we have defined ( = (+, +, — , — ). By varying Fs and Ft, or 
m| can be made small. Since the higgsino masses are independent of Fs and Ft, 

Mna = 1(ms- i-ir^Ml + 4M|^ , a = 1,2 (4.7) 

they will remain heavy. 

For convenience we will take the "true" Higgs (the mass-eigenstate responsible for 
electroweak symmetry breaking) to have a small but positive mass-squared, which then 
runs negative. This amounts to requiring 

- F| > \MTiFsMT - 2FtMs)\. (4.8) 

As we approach the saturation point of this relation, at least one of the Higgses is becoming 
light. The expression on the right is proportional to the parameter in 
is tuned to be small this expression will also be small. It was this tuning that allowed us 
to push the scale of Mt and Ft down without having a tachyonic Higgs. By pushing up 
the scale of Mt, we can relax this tuning. 



4.5). When B 
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In this limit, with one hght Higgs boson, the low energy theory is very similar to 
the SM. An important difference is that the Yukawa couplings are larger. Because the 
electroweak-breaking Higgs boson is a mixture of the four messengers, the interaction of 
the fermions with the Higgs boson is diluted. The Yukawa coupling must be enhanced 
to compensate for this suppression. In this model the mixing matrix gives a suppression 
factor of approximately 1 / a/2, so the Yukawa couplings must be enhanced by about -\/2- 
In all other ways, the low scale Higgs interactions look like the SM. In fact, the ratio of 
the Yukawa couplings will be identical to those in the SM. In particular, Yt/Yi, ~ 1/40 
and so the sbottom one-loop mass contribution is negligible. Without this suppression, 
there would be tight constraints coming from the B meson mass splitting 

4.3 Gaugino and Sfermion Masses 

Moving away from the region where /x and are EW scale, we have to worry about 
large negative one-loop contributions to the stop masses. The one-loop stop contribution 
in this model is much more complicated than in the model considered in section 2. It 
depends on both S and T. This complexity gives us a handle for suppressing this one 
loop contribution. As stated earlier, in some regions of parameter space the one-loop 
contribution is positive. To connect with the GUT GMSB limit considered above, we 
will plot our results in terms of the parameter z = Mt/Ms- Small z corresponds to the 



decoupling limit of section 4.1 



The gaugino masses are given by 



M, = (^^1,, + 5^MM^ + (^'^i.r + hr)^,^9{x) (4.9) 
5 5 IbiT'^ Mq 



where x = XsFs/Mg, g{x) is defined after (2.2), and is calculated and defined in the 



appendix. The fact that our messengers do not form complete SU (5) multiplets leads to 
three linearly independent gaugino masses. This is dramatically different from minimal 
gauge mediation, where the gauginos only differ by their coupling constants. 



^ In the limit of vanishing Yukawa coupUngs for the 1st and 2nd generations and the bottom quark, 
we can always take a flavor basis where the up-type Yukawa matrix is diagonal. Thus, there is no FCNC 
problem. 
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Figure 2: Ratios of the gaugino masses are shown along with the standard ratios Mi/Mj = 
gf /gj, which are plotted as light blue lines. Each point has an associated set of parameters 
for which all mass constraints are satisfied. 
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Figure 3: The gaugino masses as a function of one of the SUSY-breaking scales. 
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The violation of the standard GUT relations for the gauginos can be seen in Figure 
[2| where the ratios of the gaugino masses are plotted. The light blue lines represents the 
standard GUT mass relations. The gaugino masses do deviate from the standard GUT 
relations, but that deviation is limited because of constraints on the stop mass. In this 
figure, we have required the smallest Higgs mass to be less than a TeV, and imposed a 
stop mass bound > 176 GeV. We applied current experimental bounds [TO] on all other 
sparticle masses. If we relax the constraint on the tree-level Higgs mass, the deviation 
from the gaugino mass relations increase^ However, for larger tree-level masses successful 
EWSB becomes more and more difficult to accomplisl]|^ 

In Figure |3] the gaugino masses are shown. One can see that the gluino mass in this 
model is suppressed relative to the standard GUT GMSB scenario for some regions of 
parameter space. In the standard GUT GMSB the lower bound on the gluino mass is 
indirectly due to the lower bound on the bino mass. Because the bino mass depends on 
the function M^, its mass may be enhanced relative to the gluino, decreasing the gluino 
lower bound. However, the one-loop contribution to the stop mass forces us into a region 
of parameter space where the gluino mass is only mildly suppressed. The gluino mass in 
this model has to be larger than about 606 GeV versus 646 GeV in the standard GMSB 
scenario. 

Next we examine the sfermion masses. They are given by 

2 



Ms 



fix) + [ ^5i,r + S2,r ) J" 



^ f f , Yukawa 

(4.10) 

where J-" and m~ are defined in the appendix, C~ is the quadratic Casimir as 

f, Yukawa J 

before. The mass spectrum for this model can be seen in Figure Q. The most significant 
deviation from the standard GUT sfermion masses relations is in the stop. Because the 
stop has a large one-loop contribution, its mass will be heavily infiuenced by the size 
of this one-loop contribution. To see the deviation in the stop mass from the standard 
GMSB scenario, we have plotted mu^/m^^ in Figure [s] 



''We have taken a conservative value for Yt based on a tree-level analysis. Running effects could allow 
for a smaller Yt, which would then allow for larger deviations from the GUT gaugino mass relations. 

*It is possible to get radiatve EWSB with larger tree-level Higgs masses because of the additional 
corrections to the Higgs mass in this model. 
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Figure 4: Sfermion masses are shown as a function of a SUSY breaking scale. 
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Figure 5: The stop mass can deviate substantially from the ordinary gauge mediation 
result as the messenger mass ratio is varied. 
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5 Final Remarks 



The Higgs sector remains the source of many model-building difficulties, including the 
infamous gauge hierarchy problem, and, within SUSY, the little hierarchy problem and 
the /i problem. Perhaps this is a clue indicating that the Higgs sector is more complicated 
than we think. In this work, we have begun a reevaluation of some of the assumptions 
associated with the Higgs, and we have found viable non-standard models. 

Because the flavor violation is Yukawa-mediated and the Yukawa couplings are small, 
evading constraints on flavor changing neutral currents is not especially difficult in this 
scenario. One might worry about the bottom squark getting a substantial contribution 
to its mass, but for small tan /3, the bottom Yukawa coupling is much smaller than the 
top Yukawa coupling. So we can still see a deviation in the stop mass while having near 
degeneracy among the down-type quarks. This degeneracy is easy to realize to the degree 
necessary to evade constraints from bottom flavor changing processes. 

The other obvious concern in altering the Higgs sector is maintaining successful EWSB. 
It should be noted that EWSB is quite complicated in these scenarios, but can still be 
made viable despite outward appearances. In the model of section |4| for example, there 
are additional radiative corrections from 5* and T loops to aid with radiative EWSB. 
Furthermore, the quartic term of the single light Higgs boson has additional contributions. 
These additions, which depend on At and A5, lift the tree level mass of the Higgs boson. 
With the Higgs quartic term supplemented in this way, the upper limit on the tree level 
Higgs mass is no longer Mz and large one loop corrections to the Higgs mass from stop 
loops are unneeded. Thus, distress over light stop masses is unwarranted. 

These issues weren't discussed in detail because they can always be tuned away and 
our goal wasn't a complete and compelling model, but rather a proof of concept. It would 
be interesting to study this class of models more systematically and thoroughly. It would 
be valuable to have a set of necessary conditions on Higgs messenger fields and their 
couplings. 

Acknowledgments: This research was supported by World Premier International Re- 
search Center Initiative (WPI Initiative), MEXT, Japan. 
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A Sparticle Masses 



Here we give some details for calculating the sparticle masses. One can also obtain these 
results from the formulas of [7j. For the reader's convenience, we begin by reproducing 
the Higgs scalar masses 



ml = M^+^iMl + Fs) + ^ 



{Ml + F5)2 + 4{MsMt + FtY 



M^+-{Ml + Fs)- 



-{Mi.-F, 



{Ml + FsY 



A{MsMt + FtY 



{M, 



F,y 



A{MsMj 



+ o (^J - ^5) - o V (^1 - + ^MsMt - FtY 



and the Higgsino masses 



Mhi ■■ 

Mh2 



2 
1 



Ms + \ Ml + AM^ 



Ms - xlMl + m^ 



A.l Gaugino Masses 

There are four contributions to the generic gaugino — one for each Higgs boson. Taking 
our superfields to have the form H = h + \/29tp + . . . , and decomposing 5 = 3 + 2 as, for 
example, hu = {hu,2-,hu,z) the relevant interactions for this calculation are 



,3J 



+ h.c. 

It is convenient to work in the gauge eigenstate basis. The relevant propagators are found 
to be 



{huhd) 



rrin 



rrio 



{Khd) = {<Pu<Pd) 



{q^ — m\){q^ — m\) 2 {q^ — m'^{q'^ — m|) 
1 Ft + MsMt 



2 (g2 — m^)(g2 — ml) 



■ {Fs,T — ^ —Fs,t) 



{huhd) 



1 



rrio 



{q^ — m\){q^ — ml) 2 (g^ — ml){q'^ — m|) 



iFs,T^-Fs,T) (A.l) 
(A.2) 

iFs,T^-Fs,T). (A.3) 
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We have made manifest only one of many symmetries that the propagators possess. In 
fact, under exchange of any two of the parameters, Fs, Ft, Ms, and Mx, the propagators 
change at most by a sign. The gauge eigenstate fermion propagators are 

Using the above forms of the propagators, the gaugino masses are found to be 
f dS r3 



Ml 



(27r) 



2 / ~ ~ ~ ~ 

+ g ((^«,3^d,3)(/il,3^i,3) 



{2tt 
-.2 r ^4 



3 



The masses can then immediately be evaluated in terms of the following two integrals. 

1 



ri(mi,m2, ma, 777,4) = J d'^q 



(g^ — 777f)(g2 — 777|)(g2 — ml){q'^ — ml) 

/(777i, 7773, 7774) - /(7772 , 7773, "^4) 



r2 (777i, 7772, 7773, 7774) = y d'^q 



2 2 
r77f — 7772 



(A.8) 



{q^ — ml){q'^ — ml){q'^ — ml){q'^ — ml) 

777^/(7771, mg, 7774) - 777^/(7772, ^,3, 7774) 



2 2 
777| — 7772 



(A.9) 



where 



777^(777^ + 7772)ln(7772/7772) -777^(7772 + 7772)ln(777^/777f) 
/(r77i, 7772, 7773) = 2T7"^ 2^7"^ 2^ ■ (A.IO) 

(777J — m^)[m( — 70.2) (7773 — 7772) 
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Combing these results, we find 
1 



327r2 L 



-M| {Msml + AMtFt + SM^MDEi (M^i , Mj^2 , mi , ms) 
+M5(m2 - m2)r2(MHi, M^^2, ^2, 
+ {Msml + 4MtFt + 3M5M|)r2(Mj^i, Mh2, m^, 77^2) 
— {Fs,T — ^ —Fs,t)- 



(A.ll) 



A. 2 Sfermion Mass Calculation 



If we write the scalar mass term as £ D — 'H^A^qH, where 



{hui hu, h^, h^), 



( Ml MsMt Fs \ 

MsMt Ml + M^ Fs Ft 

Fs M| MsMt 

\ Fs Ft MsMt M^ + M^ ) 



(A.12) 



then the rotation to the mass eigenstate basis, $'''A4^j„g$, where 'K = O^, is achieved by 
the matrix 



/ Ao -A' 



O 



Bo 
Ao 
V Bo 



-B'o 

A'o 
B' 



-Bo 
Ao 

-Bo 
Ao 



B'o \ 
-A'o 
-B'o 

A'o J 



(A.13) 



This is related to the U± matrices [Yj (and section [3j) by the rotation that diagonalizes 
the fermion mass matrices. Explicitly, we have 



^0 



mfMl - ml{Fs + M| + M|) 
2{m\ — mf) 



B'o 



mlM^ - ml{Fs + M| + M|) 



(A. 14) 



2(m| — m\) 

and the primed functions, A'q and B'q, are gotten by taking Fs,t — ^ —Fs,t we will express 
our result in terms of the components of this matrix and the masses. By expanding the 
gauge eigenstate propagators into a sum of terms with physical mass poles we can closely 
follow the calculation of Since the form of the gauge interactions is left unchanged 
by the basis transformation, little has to be altered. The interactions that do change are 
the scalar quartic terms and the gaugino Yukawa interactions. The D-term in the mass 
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eigenstate basis is 



( 

P 

\ Q 



P Q\ / 01 \ 





-Q P 

-goo 

P 0/ 



(A.15) 

V 04 / 

where P = -2(AoA'o - fio^^) and Q = 2{AoB'q - A'qBq) . And finally, to evaluate 
the gaugino-mcdiatcd diagram, the chirality-preserving higgsino propagators are needed. 
They are 



ii^utpu) = = ^l/2-Bl/2(('0l'0l) - ('02'02)) 



(A.16) 



where A1/2 = AQ\Fg=FT=o and likewise for -81/2- The corresponding boson propagators 
(KK) = (Kha) = AliMl) + B'M*2) + <(030^) + B',^Ml) 



are 



(hlK) = (h^h,) = Bl{4>,4>\) + Ao(020;) + i?o'(030;) + 

{hlK) = {h*Jld) = AoBoiiMl) - (020;)) + ^oi^;((0303) - (0401)) 



(A.17) 



Applying these changes we find that the two loop contribution to the sfermion masses are 
given in terms of the function, 

T = ( ^ (-(m^|m^|0) -4mJ(m^|m^|0,0)) 



+ ^ {-MMHa\MHa\0) + SUl^aWl^^ 0)) 



(A. 18) 



a=l 



- ((milmalO) + (m2|m4|0)) - 2Q^ ((mi|m4|0) + (mslmalO)) 

4 2 ' 

+ 4 E E (KI^^^«|o) + K - MiJKiM^.io, 0)) 



where 



Zij 



+ B^BxI-li^ 2(^0^1/2 — Ao-61/2)^ \ 

2(Bo^i/2 - A^B^i^f 2{A^Ai/2 + ^qSi/s)' 

2(A'oAi/2 + fi^fii/2)' 2(5^Ai/2 - A'^By^f 

\ 2{B'oA,/2 - KB^iif 2{A'^Ay2 + B'^By^f J 



(A.19) 
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The functions, (mi|m2|0) and (mi|m2|0,0) are defined in 

The one-loop calculation follows from the result given in section [3] 



m 



+ + B'^X^S^) ln(m3) + {B'^ml + ^A^^^) ln(m4) 

- 2A\,^Ml^ In (MhJ - 2i?i%M^^ In (m^,J ] 



(A.20) 
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